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Coupling of a cryogenic preconcentrator (PC) to a gas chromatograph/Fourier transform ion
cyclotron resonance mass spectrometer (GC/FT-ICR MS) is reported. To demonstrate the
analytical capabilities of the PC/GC/FT-ICR MS, headspace samples containing volatile
organic compounds (VOCs) emitted from detached pine tree twigs were analyzed. Sub-ppm
mass measurement accuracy (MMA) for highly resolved (m/m50%  150 k) terpene ions was
achieved. Direct PC/GC/FT-ICR MS analyses revealed that detached twigs from pine trees
emit acetone, camphor, and four detectable hydrocarbon isomers with C10H16 empirical
formula. The unknown analytes were identified based on accurate mass measurement and
their mass spectral appearances. Authentic samples were used to confirm initially unknown
identifications. Self-chemical-ionization (SCI) reactions furnished an additional dimension for
rapid isomer differentiation of GC eluents in real time. (J Am Soc Mass Spectrom 2004, 15,
1191–1200) © 2004 American Society for Mass SpectrometryBiomarker analyses are important in many areas ofmodern analytical science [1]. For example, vari-ous chromatographic and mass spectral studies
were used to resolve and identify specific biomarkers in
diverse fields such as human physiology, forensics,
bacteria, and food spoilage [2–6]. FT-ICR MS offers
several advantages for characterizing multicomponent
mixtures. For example, the high mass measurement
accuracy of FT-ICR MS [7–9] limits the number of
possible chemical formulas corresponding to an exper-
imentally determined mass value [10].
Recently, we described potential applications of GC/
FT-ICR MS to analyze complex sample mixtures such as
automobile gasoline [11]. The GC/FT-ICR MS utilizes
the separation capability of a conventional GC [12] as
well as mass measurement accuracy [8, 9, 13, 14] and
superior mass resolving power of FT-ICR MS [15, 16].
The advantages of multidimensional and/or “hyphen-
ated” chromatography techniques with spectroscopic
detectors were reviewed extensively [17].
Often, “real world” biological and environmental
samples are complex mixtures, and their complete
characterization requires numerous stages of sample
preparation or sophisticated data analyses [4]. Our goal
is to develop methodologies aimed at detecting low
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doi:10.1016/j.jasms.2004.03.003levels of VOCs that are emitted into the immediate
environment by biota [18]. The low levels of VOC
analytes at the ppm level (vol/vol) or lower may
preclude direct analysis of, for example, human exhaled
breath (HEB) with capillary column GC/MS systems
[18]. Methods must be developed to separate and/or
preconcentrate the VOCs of interest from the bulk
components prior to GC/MS introduction. One such
method is front-end GC cryogenic microscale purge
and trap [18, 19]. Back-end GC cryofocusing has been
used for trace FT-ICR mass spectral analysis by Gross
and co-workers [20]. We are interested in developing
methodologies that require minimal sample prepara-
tion and afford improved selectivity for analytical char-
acterization of sampleprints. To realize our objective,
we have coupled a preconcentrator (PC) to a GC/FT-
ICR MS (PC/GC/FT-ICR MS) and evaluated its utility.
Here, we describe the first PC/GC/FT-ICR MS data
from direct headspace analysis of arbor emissions.
A wide range of plants and plant-derived material
contain terpenes. It was suggested that terpene compo-
sitions may be used to determine the tree types [21, 22]
and locations [23, 24], as well as the extent of injuries,
such as montane yellowing [25] and forest damage [26],
caused by air pollution. Plants may also respond to
herbivore feeding and mechanical wounding by releas-
ing targeted chemicals such as proteinase inhibitors
[27]. Biogenically emitted monoterpenes may play an
important role in atmospheric chemistry of gaseous
nitrate (NO ) radicals [28]. Hence, accurate measure-3
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difficulties with handling unresolved complex data
[26], lack of an absolute reference for the terpene yield
and/or sampling errors, uncertainties associated with
invasive sample extraction from conifer needles [26,
29–31], and rough handling [32] highlight the analytical
importance of non-invasive, reproducible, and rapid
sample analysis for plant characterization based on
VOC signatures.
Previously, we reported that high mass resolution
FT-ICR MS can be used to identify pressure-dependent
gas-phase self-chemical ionization (SCI) product ions
under GC/FT-ICR MS conditions [11]. Here, we dem-
onstrate that high mass resolving power and ion-trap-
ping capabilities of FT-ICR mass spectrometry can be
utilized to differentiate GC eluted -pinene and cam-
phene isomers in real time. Other researchers reported
isomer differentiation based on multiphoton ionization
and dissociation (MPI/MPD) [33], GC/MPI-FTMS [34],
FTMS proton affinity bracketing [35], collision-induced
dissociation (CID) [36–38], CID combined with chroma-
tography [39], ion-molecule reactions combined with
chromatographic techniques [40], oxygen negative
chemical ionization (ONCI) [41], NCI GC [42], charge
inversion MS [43], and by metal oxide sensors [44].
Modifying chromatographic parameters such as GC
temperature programming or column type that can
alter elution time and/or order will not change mass
spectral appearances. Hence, independent of the chro-
matographic retention time, detector differentiation
(i.e., mass spectral differentiation based on analyte
properties such as proton affinity and ion-molecule
reactivities) can be used to distinguish isomers. The
advantages of PC/GC/FT-ICR MS in terms of high
mass resolving power, sensitivity, mass measurement
accuracy, and isomer differentiation are discussed.
Experimental
Specimen or Sample Collection
Pine Twigs. Arbitrarily selected 5–10 cm long twigs
(with needles attached) were detached manually (by the
authors) from a branch (at a height of 1.5 m) of a pine
tree (Picea rubens) [45] and placed immediately in Zip-
Loc (Trinity Packaging, Lewistown, PA) bags (1 per
bag) for PC/GC/FT-ICR MS analysis. Samples were
collected in 2001, during the month of November, when
plant monoterpenes are assumed to return to their base
low levels; it has been reported that terpene levels
increase in May and return to their base levels by
September [46]. To re-confirm the emission of VOCs
from the same pine tree, additional samples were
analyzed in March 2003. The detached pine twig sam-
ples were stored at room temperature in a 28  27 cm
sealed ZipLoc bag. Prior to analysis, the end of the PC
sampling line was carefully inserted (10 cm) through
a small opening made in the ZipLoc seal near (1–2 cm)
the pine needle specimens. The seal was immediatelyreclosed and the headspace analyzed. Direct PC/GC/
FT-ICR MS analysis of the VOCs in pine tree twigs did
not require any sample treatment. The preconcentrator
was programmed (event 2 in PC Event Sequence) to
collect a 100 mL sample of headspace volume surround-
ing the pine needles. Method blanks did not show any
acetone or terpenes from the background air or unused
ZipLoc bags.
Reagents. All reagents and solvents were purchased
from commercial sources and used without further
purification. The authentic samples were purchased
from Aldrich Chemical Company, Inc. (Milwaukee, WI).
Instrumentation
The PC/GC/FT-ICR MS consisted of three major com-
ponents; a 3-stage Entech 7100 series Preconcentrator
(PC) (Entech, Simi Valley, CA), an SRI GC system (Las
Vegas, NV) and an IonSpec 7-T FT-ICR mass spectrom-
eter (IonSpec Corp., Lake Forest, CA). A schematic of
the apparatus is shown in Figure 1. The exact details on,
fluid flow (i.e., for He and N2 gases and LN2 cryogen),
multipositional valve assemblies (denoted as V1, V2,
and V3) and vacuum lines within the PC apparatus
have been either omitted or simplified for illustrative
purposes only. The flow rates, temperatures and timing
of the preconcentrator event sequence was under com-
puter control (Toshiba, Equium 7100D, Irvine, CA).
Detailed description of the preconcentrator operation
has been published elsewhere [19]. Glass bead, Tenax
(Alltech-Deerfield, IL), and cryofocuser traps were used
to remove or reduce common air components (e.g., Ar,
CO2, H2O, N2, O2, etc.) and concentrate the volatile
organics. The cryofocused organics were desorbed by
flash-heating and injected on a GC column as a concen-
trated sample plug. The details of coupling a GC to the
FT-ICR MS and its potential analytical applications
were discussed earlier [11]. The labels SC and TL, in
Figure 1, denote sample container and heated transfer
line, respectively.
PC. The trapping and preconcentration of the VOCs of
interest were performed on an Entech 7100 PC using the
microscale purge and trap technique, utilizing three
trapping modules (labeled M1, M2, and M3 on Figure
1). The sequence of events used in our experiments was
as follows:
PC Event Sequence:
1. Prior to use, the PC was leak tested, flushed with
nitrogen and baked at appropriate temperatures
(120 °C for M1, 180 °C for M2, and 70 °C for
cryofocuser).
2. A user defined volume of the head space, or a gas
sample (e.g., 100 mL standard atmosphere for Fig-
ure 2) containing trace VOCs, was pumped through
the first trap (T1) located in module 1 (M1). In T1,
the VOCs and water and some CO were condensed2
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150 °C), whereas the N2, O2 and Ar were not.
3. 75 mL of He at standard atmospheric pressure were
flushed through M1 at 150 °C over 5 min.
4. The trap (T2) containing Tenax beads in module 2
(M2) was cooled to 30 °C.
5. M1 was warmed to 20 °C (for data shown in
Figure 2).
6. 40 mL of He at standard atmospheric pressure was
used to purge T1 to effect the transfer of VOCs into
T2.
7. The cryofocuser module (M3) was cooled to
160 °C. The actual cryofocuser (CF) consisted of a
section of megabore GC guard column that could be
heated from160 °C to70 °C (in less than 30 s) by
passing heated N2 gas over the CF line.
8. T2 in M2 was heated to 180 °C.
9. Mutlipositional valve assemblies directed the GC
carrier gas (He) through T2 to purge any trapped
VOCs into the CF, for 2.5 min.
10. The CF (megabore capillary line) was flash heated
to 70 °C. At this point, the GC temperature pro-
gram and FT-ICR MS mass spectral acquisition
were simultaneously started.
11. Mutlipositional valve assemblies directed the GC
carrier gas (He) through the CF to purge any VOCs
onto the GC column over a user-defined period.
After 1.5 min, the CF was cooled down to120 °C
(the temperature of M3). During the GC run, no
Figure 1. A simplified schematic of the PC/G
details (i.e., for He, N2 gases and also for LN2
contained within the PC apparatus have been e
only. Label SC denotes sample container, MIP d
heated transfer line.further cryogen was introduced into M3 and the
ambient warming slowly increased the CF temper-
ature to 60 °C in 30 min. The CF was interfaced
to the GC column by means of a heated transfer line
(maintained at 100 °C) containing a 1 m length of
deactivated megabore GC guard column. This line
conveyed both the carrier gas and the purged VOCs
to the GC column.
GC Operation. The purged VOC sample (at event 11 in
PC Event Sequence) was injected onto a 60-m (0.28 mm
i.d., 3 m crossbonded 100% dimethyl polysiloxane
stationary phase coating) MXT-1 capillary column
(Restek Corporation, Bellefonte, PA) housed in an SRI
model 8610C GC oven. The effluent exiting the capillary
column was directed into a SGE glass molecular jet
separator (SGE Inc., Austin, TX). Both the GC column
and molecular jet separator were located within the GC
oven [11]. The helium and analyte of interest were
transferred from the molecular jet separator to the
internal ion source of the FT-ICR MS [11] by means of a
2-m length, 0.5 mm i.d., MXT guard capillary column
(Restek Corporation, Bellefonte, PA).
The section of the transfer line (1 m in length)
external to the FT-ICR MS ultrahigh vacuum (UHV)
housing, was heatable up to 200 °C. However, the
transfer line within the UHV housing was unheated.
The transfer line entered the UHV housing by means of
a 1/8-in swage fitting. The terminus of the transfer line
T-ICR mass spectrometer: The exact gas flow
en flow) and configurations on valve systems
omitted or simplified for illustrative purposes
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a gap separating adjacent transmitter and receiver
plates of the ICR cell. To acquire the high resolution
mass spectral data in Figure 5 and Table 1, the jet
separator was removed and a pulsed valve interface
(similar to the design of Sack and Gross [47]) was
inserted in the transfer line between the GC and FT-ICR
vacuum housing.
GC temperature programming and column head pressure.
A user-defined GC temperature program was used to
acquire the data presented in Figures 2, 3, and 5. The
GC parameters, including temperature programming
and column head pressure, for all three experiments
presented in Figures 2, 3, and 4 were identical. The GC
Figure 2. The TIC from a 100 mL sample of
temperature in a large volume sealed ZipLoc ba
pine needles had been detached manually from
university campus for headspace analysis. Insets
a to e. VOC assignments (-pinene, camphene
elution time) are shown as structures on each m
Table 1. Mass measurement accuracy and peak assignments for
camphene in heterodyne MS data acquisition mode
Measured m/z Exact mass
MMA
(ppm) Elemental com
135.1168 135.11683 0.22 C10H1
136.1203 136.12018 0.88 13C1C9H1
136.1247 136.12465 0.37 C10H
137.1280 137.12801 0.07 13C1C9H
137.1325 137.13248 0.15 C10H1
138.1359 138.13583 0.51 13C1C9H1
0.36injection port was kept at 200 °C, and samples were PC-
(Figure 2) or manual-injected (Figures 3, 4, and 5) onto
the column. The following GC temperature program, at
a column-head pressure of 15 psi He, was used for
headspace analysis of pine twigs (Figures 2, 3, and 4):
40 °C for 3 min, ramp at 20 °C per min to 140 °C, ramp
at 2 °C per min to 220 °C and then hold at 220 °C for two
min. To reduce the GC retention-time, for high mass
resolution studies of -pinene and camphene (e.g.,
Figure 5), isothermal GC programming (at 180 °C and
20 psi He pressure) was used.
FT-ICR MS. All GC/FT-ICR MS experiments were
performed on a differentially pumped IonSpec 7-T
pace volume surrounding pine twigs at room
itrarily selected (5 cm long) twigs containing
icea rubens tree situated in the environs of the
e) show the mass spectra for TIC peaks labeled
onene, terpinolene, and camphor, in order of
pectral inset.
observed peaks from GC/FT-ICR MS headspace analysis of
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ments were performed only in internal ion generation
(24 eV EI) PC/GC/FT-ICR MS configuration [11]. The
outer and inner trapping voltages for low resolution
experiments (Figures 2, 3, and 4) were kept at 22.5 and
5 V, respectively. For the high resolution mass spectral
acquisition in the heterodyne mode (Figure 5 and Table
1), outer and inner trapping voltages were reduced to
3.0 and 0.5 V, respectively. To investigate self-chemical
ionization characteristics of terpene isomers, controlled
ion-molecule reactions were performed on a different
Figure 3. Bottom: The TIC from the GC/FT-ICR MS of authentic
-pinene and camphene from 250 L of headspace that was
withdrawn from a septum-sealed 40-mL vial containing 50 mg
(sufficient to maintain saturated headspace) each of -pinene and
camphene. The upper left and upper right panels show mass
spectra of -pinene and camphene corresponding to TIC positions
labeled A and B, respectively. The reaction delay for SCI was 5
ms (see text for additional details).
Figure 4. Bottom: The TIC from the GC/FT-ICR MS of authentic
-pinene and camphene from 250 L of headspace that was
withdrawn from a septum sealed 40-mL vial containing 50 mg
(sufficient to maintain saturated headspace) each of -pinene and
camphene. The upper left and upper right panels show mass
spectra of -pinene and camphene corresponding to TIC positions
labeled A and B, respectively. The reaction delay for SCI was
4400 ms (see text for additional details).FT-ICR MS system. This system shared a common 7 T
magnet with the GC/FT-ICR and was equipped with
internal electron impact ionization source as well as a
pulsed-leak valve sample introduction system [48].
FT-ICR MS Data Processing. The chromatogram and
mass spectral x, y coordinates were imported into the
Microsoft Excel spreadsheets as ASCII delineated data
[11]. The original time-domain transient signals con-
tained 128 k (Figure 2), 32 k (Figures 3 and 4) and 1024 k
(Figure 5) data points. Figures 2, 3, 4, and 5 were
acquired under broadband (16 MHz analog-to-digital
converter {ADC} rate) and heterodyne (2 MHz analog-
to-digital converter {ADC} rate) modes, respectively. To
display the mass spectra in Microsoft Excel graphs (as
shown in Figures 2, 3, and 4), the fast Fourier transform
(FFT) parameters were modified to transform only 32
kword of the acquired data with one zero fill. To
generate the chromatograms in Microsoft Excel graphs
(as shown in Figures 2, 3, and 4), the fast Fourier
transform (FFT) parameters were modified to transform
the acquired data without any zero fill.
Figure 5. The GC/FT-ICR MS of authentic camphene from 30 L
of headspace that was withdrawn from a septum-sealed 40-mL
vial containing 50 mg (sufficient to maintain saturated head-
space, SVP 2.6 torr) camphene. Panel (a bottom) shows a narrow
mass range (m/z 137 	 3) chromatogram for the GC retention time
of 8–12 min. Panel (b) shows high resolution mass spectrum (m/z
134.5 to 138.5) used to generate the GC chromatogram shown in
Panel (a). Top left (c) and right (d) insets show expanded regions
(m/z 0.012 mass range) of the mass spectra at m/z 136.1247 and
137.1325, respectively. Table 1 contains summary of the mass
spectral data (e.g., mass resolving power and mass measurement
accuracy) for Figure 5. Data acquisition parameters are provided
in the Experimental section.
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In this section, we show the GC and mass spectral data
that we obtained from the analysis of the headspace
from pine tree (Picea rubens) twig samples and commer-
cially available authentic samples (-pinene, camphene,
limonene, and camphor). Both the GC retention times
and mass spectra of commercially available terpene
samples confirmed the original assignments of the
unknown volatile organic compounds. We demonstrate
better than one ppm mass measurement accuracy for
highly resolved terpene pseudomolecular ions in
GC/MS experiments. We also show that in addition to
the GC retention times, gas-phase ion-molecule reac-
tions can be used to differentiate structural isomers in
real time.
Emissions from the Pine Twigs
Figure 2 shows the total-ion chromatogram (TIC) from
a 100 mL sample of headspace volume surrounding
pine tree (Picea rubens) twigs at room temperature, in a
large volume (2 L) sealed ZipLoc bag, 24 h after
specimen collection. Insets a to e show the mass spectra
for TIC peaks labeled a to e, respectively. Accurate mass
measurements revealed that the peaks in the mass
spectra displayed in insets b to e were all hydrocarbons
in composition. Based on mass measurement accuracy,
a cursory mass spectral pattern analysis and using the
NIST online EI mass spectral database, we were able to
identify the VOC species as -pinene, camphene, li-
monene, terpinilene, and camphor, in order of elution
time (peaks labeled a to e in Figure 2). These assign-
ments were later confirmed using authentic samples.
The molecular structures of the identified VOCs are
shown above the corresponding mass spectra. Samples
analyzed 40 min, 20 h, and 24 h after specimen collec-
tion did not show major temporal variations in relative
VOC profiles.
Historically, GC characterization of terpene deriva-
tives and other naturally occurring volatile compounds
has played an important role in commercial activities,
such as perfume formulation [49]. Solvent extraction
analysis results [22, 25, 26, 30, 31] may not reflect the
actual quantitative or qualitative composition of the
VOCs emitted into the gas-phase. Consequently, direct
gas-phase sampling methods such as PC/GC/FT-ICR
MS are preferable. For example, in Figure 2, at the
relatively short GC retention time (RT  490 s), a peak
corresponding to acetone is observed. Our method
blanks showed no acetone signal, and confirmed that
the acetone is, in fact, emitted from the pine twig
samples. Although acetone is difficult to detect using
conventional and destructive extraction methods [24], it
has been shown to be present in VOC emissions from
various trees [50, 51].
Based on accurate mass measurements and observed
fragmentation patterns, the TIC peaks labeled a to d (in
Figure 2) were ascribed to terpene isomers with theempirical formula, C10H16, and that of TIC Peak e to
camphor, C10H16O. The small GC peak at RT  240 s is
due CO2 previously trapped in the PC. The mass
spectrum shown for Peak e (camphor) in the TIC in
Figure 2, has been corrected for the continuous residual
background. The heat generated from electron filament
can enhance outgassing of the ICR cell components and
contribute to the background over time. Using an
FT-ICR mass calibration table generated 1 month
prior to the acquisition of the tree VOC data reported
herein, the mean absolute mass measurement accuracy
for the 8 major peaks (mass spectral peaks with S/N 
20 present in insets 1 to 3 of Figure 2) was 
 5.0 ppm
(2.4 	 0.9 ppm at the 95% confidence level for n  24,
based on absolute errors using m/z values from three
mass spectra). The authentic samples were used to
generate new mass calibration tables and improve mass
measurement accuracy. For example, in heterodyne
mode, Figure 5 (Table 1), the average mass measure-
ment error was 0.4 	 0.2 at the 95% confidence level,
with n  6.
Authentic Sample Analysis and Isomer
Differentiation
Commercially available authentic samples were pur-
chased and analyzed to confirm the assigned identities
of the unknown analytes. Terpinolene (Peak d in Figure
2) was not readily available to confirm our initial
assignment; however, the pattern observed in Figure 2d
closely matches terpinolene’s mass spectrum contained
in the NIST’s online database (http://webbook.nist.
gov/chemistry/). Comparisons between the GC reten-
tion times as well as observed mass spectral fragmen-
tation patterns of the unknows and authentic samples
confirm the correct assignments of the Peaks a, b, c and
e in Figure 2 as -pinene, camphene, limonene, and
camphor, respectively. These four volatile compounds
were previously identified as the major components of
the leaf oils from Picea species [21].
Figure 3 (bottom) shows a TIC segment from PC/
GC/FT-ICR MS analysis of the authentic -pinene and
camphene isomers (from RT  1200 to 1400 s). To
acquire the data in Figure 3, 250 L of headspace was
withdrawn from a septum sealed 40-mL vial that con-
tained 50 mg each of -pinene and camphene. The 50
mg was in large excess of the amount required to
maintain saturated vapor pressures (SVPs) of camphene
(SVP  2.6 torr) and -pinene (SVP  5.0 torr) at 25 °C
[52]. The headspace sample was manually injected onto
the GC for FT-ICR MS analysis. To correct for the PC
transfer line delay times, additional experiments for all
four authentic -pinene, camphene, limonene, and cam-
phor samples were performed (data not shown). The
GC retention times shown in Figures 3 and 4 were
corrected for the PC/GC transfer line (2 m in total
length) delay time (20 s, the time required for samples
to travel from module 3 in PC to GC injection port, as
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GC retention times as well as the observed mass spec-
tral fragmentation patterns of unknowns and authentic
samples confirmed the correct assignments of the peaks
a, b, c and e in Figure 2 as -pinene, camphene,
limonene, and camphor, respectively.
The GC peaks in Figure 3 (RT 1280-1325 s and
RT1325-1370 s) are made up of about ten averaged
mass spectra (viz., total of about five hundred mass
spectra acquired across each GC peak). In other words,
each point (e.g., Points A or B) on the GC plot of Figure
3 represents an average of fifty mass spectra. The
observed GC baseline peak widths for -pinene and
camphene were 45 s each. The longitudinal diffusion
and GC peak broadening occurs within the 2 meter (0.5
mm i.d.) transfer line due to reduced mass flow rate
after the jet separator. The current GC software requires
a 1 s delay before acquiring the next averaged mass
spectrum. The duty cycle for each mass spectrum was
about 60 ms, and the electron beam was on for 45 ms. To
reduce interferences from the metastable decay and/or
ion-molecule reactions inside the ICR cell, we used
short duty cycles (i.e., 60 ms in this case). Prior to ion
detection, there was only 5 ms reaction delay event
after the end of the ionization period (the ion excitation
and detection events require 10 ms). Hence, ion-
molecule reactions were insignificant and did not alter
the observed mass spectral appearances. The appear-
ance of the GC/FT-ICR mass spectra (e.g., ethanol,
acetone, hexane, benzene, toluene, m-xylene, -pinene,
camphene, limonene, and camphor) at such short delay
times resembled conventional 70 eV mass spectra and,
therefore, NIST (http://webbook.nist.gov/chemistry/)
or other conventional mass spectral library searches
could be used to identify unknown analytes.
The molecular ion regions for -pinene and cam-
phene (m/z 134.5–137.5) that correspond to mass spectra
of Points A and B in the TIC of Figure 3 are shown in
Figure 3a and b, respectively. The molecular ion regions
for both -pinene and camphene are virtually identical.
The relative abundance of M and [M  1] peaks of
the -pinene and camphene suggest that for the 60 ms
duty cycle the carbon thirteen isotopomer
[12C9
13C1H16]
 ions (13C1 of M
 at m/z 137.128) are the
major components of the [M  1] peaks at m/z 137.
Potential [M  H] ions from SCI (12C10H17
 at m/z 
137.132) do not significantly contribute to the intensity
of the peak at m/z 137.
Figure 4 shows a TIC segment from PC/GC/FT-ICR
MS analysis of the authentic -pinene and camphene
samples (from RT  1200 to 1400 s). The injected
headspace volume (from the 40-mL vial containing
sufficient -pinene and camphene to maintain saturated
vapor pressures) and GC variable parameters were
identical in Figures 3 and 4. However, the mass spectral
data acquisition parameters for Figures 3 and 4 were
different. Specifically, each point on the GC plot of
Figure 4 represents only a single mass spectrum (vis-a`-
vis average of fifty mass spectra in Figure 3). For themass spectral SCI-based differentiation of -pinene and
camphene, we increased the time required to acquire
each mass spectrum from 60 ms in Figure 3 to 5000 ms
in Figure 4. In addition, we increased the ionization
event (electron beam on) from 45 ms (in Figure 3) to 600
ms in (Figure 4). The increased reaction delay from 5
ms (in Figure 3) to 4400 ms (in Figure 4) allowed for
ion-molecule reactions to take place inside the ICR cell.
The molecular ion regions for -pinene and cam-
phene (m/z 134.5–137.5) that correspond to mass spectra
of Points A and B in the TIC of Figure 4 are shown in
Figure 4a and b, respectively. The GC TIC for Figures 3
and 4 are similar. Conversely, the molecular ion regions
for -pinene and camphene in Figures 3 and 4 are
different. For example, at the longer reaction delay time
of 4400 ms (in Figure 4), new peaks at m/z 135 that
correspond to products of hydride abstraction from
-pinene and camphene were observed. More signifi-
cantly, protonated molecules from SCI at m/z 137
were formed. The relative ratios of M to [M  1]
peaks for the -pinene (Figure 4a) and camphene (Fig-
ure 4b) were significantly different. The superscript ()
symbols in the panels of Figures 3 and 4 indicate that




 (m/z  137.128)
as well as [M  H] SCI product 12C10H17
 (m/z 
137.132) ions. Figure 5d, contains high resolution mass
spectrum of the camphene molecular ion region, ac-
quired under different experimental conditions where
the isotopomers were fully resolved (mass resolving
power, 150,000, Table 1).
A comparison between Figure 4a and b indicates that
the relative abundance of the protonated camphene is
higher than that of the -pinene isomer. During the SCI
events, the relative abundance of the camphene GC
peak was lower than that of -pinene GC peak. Assum-
ing similar ionization cross sections for the two isomers,
we conclude that the relative partial pressure of
-pinene (IE-pinene  8.07 eV) during the SCI inside the
ICR cell (TIC Point A in Figure 4) was at least two-fold
higher than camphene’s (IEcamphene  8.86 eV) (see
http://webbook.nist.gov) partial pressure (TIC Point B
in Figure 4). Compared to camphene, even at a higher
-pinene relative partial pressure, the SCI of -pinene
in Figure 4 was negligible and the peak for [M  1] in
Figure 4b was higher than the corresponding peak in
Figure 4a. The relative heights of the M and [M  1]
peaks in Figure 4a and b can be used to differentiate
-pinene and camphene isomers. Further details on
-pinene and camphene SCI have been presented at the
2003 ASMS conference [53] and is also the subject
matter of a forthcoming article [54]. A brief discussion is
provided in the following paragraph.
Controlled ion-molecule experiments, using a
pulsed-leak valve sample introduction system [48],
were performed to determine the factors giving rise to
the different SCI patterns of camphene and -pinene.
Preliminary results were presented [55] and full details
and results will be published in the near future. Briefly,
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-pinene (viz., m/z, 91, 93, 107, 121, 136) were individ-
ually SWIFT isolated and then allowed to react either
unimolecularly or by SCI for specified reaction delays.
It was observed that only camphene molecular ions had
a major long-lived metastable component (50%,  30
s, major product ions at m/z 92, 94, and 121). These
excited ions gave rise to the SCI product ion at m/z 137.
No metastable -pinene molecular ions were observed
under our experimental conditions (time between EI
and detection events varied from450 ms to 500 s). The
minimum time for ion isolation (due to high pressure
and SWIFT time requirement) was 450 ms after the
ionization event. The precursor -pinene and “cold”
camphene molecular ions, as well as their major frag-
ment ions, yielded an insignificant amount of m/z 137
by SCI.
Proton transfer bracketing reactions (data not shown
here) suggest that the proton affinities for the two
terpenes are similar and approximately 210 kcal/
mole. A density functional theory (DFT) calculation by
Ebmeyer places -pinene proton affinity less than one
kcal/mole above that of camphene [56]. Proton affini-
ties alone are not sufficient to determine the thermo-
chemistry of a proton-transfer reaction. For any proton
transfer reaction, acidities of the ions and basicities of
the neutrals will determine the overall free energy
change. The proton affinities of -pinene and camphene
are similar. Hence, acidities of the -pinene and cam-
phene molecular ions could be different; similarly,
acidities of their fragment ions, such as m/z 93 from
camphene compared with m/z 93 from -pinene, could
be different. We observed that isolated “cold” cam-
phene molecular ions did not yield measurable SCI.
Therefore, considering the importance of kinetic and
thermodynamic controlling factors, acidity of the ex-
cited M camphene ions may be an important control-
ling factor for camphene SCI.
Figure 5 shows a GC selected ion chromatogram
(SIC) and FT-ICR high resolution mass spectrum ob-
tained from analysis of 30 L of headspace taken from
a septum-capped 40-mL vial containing a sufficient
camphene sample to maintain saturated vapor pres-
sure. Using camphene saturated vapor pressures at
various temperatures [52] and integrated form of Clau-
sius-Clapeyron equation (i.e., lnP versus 1/T), the va-
por pressure of camphene at the laboratory temperature
of 25 °C was calculated to be 2.6 torr (i.e., 4.0 nmole
injection onto GC column from the 30 L camphene
headspace sample). The data acquisition was started 8
min after the GC injection event to reduce the computer
data file size. A 500-ms GC effluent segment was pulsed
into the ICR cell approximately every 29 s. The GC peak
was 25 s wide at half height (determined from sepa-
rate experiments). The displayed insets were all con-
structed (in Microsoft Excel) from mass spectral data
acquired in heterodyne mode (m/z 136	 10). The 1024 k
time domain data were fast Fourier transformed (Black-
man window with two zero fills) to frequency domaindata using IonSpec furnished software. The resulting
frequency domain data were converted to ASCII mass
spectral data and imported into Microsoft Excel. Ad-
vanced curve fittings were not used in Microsoft Excel
and only line connectors were used to join the raw data
points. IonSpec software utilizes more advanced curve
fitting functions to display mass spectral peaks. These
different curve fitting methods induce small differences
in the derived mass spectral parameters (e.g., peak
centroid, peak width). In Table 1, we have listed the
more conservative mass resolution values generated by
IonSpec software.
Figure 5a (bottom) shows the SIC for m/z 137 	 3.
The SIC peak contains only 3 points. A duty cycle of
29 s was used to reduce the pressure inside the ICR
cell to below 1  109 torr (as indicated on a remote ion
gauge display) during the excite and detect events.
Figure 5b (middle) shows the mass spectrum corre-
sponding to the SIC peak maximum. Figure 5c and d
(top two insets), show expanded regions (m/z 0.012
mass range) of the peaks at m/z 136.1247 and
137.1325 from Figure 5b. Peak at m/z 136.1203, (la-
beled as 1 in Figure 5c), is the 13C1 isotope of the
camphene [M  H] ion and peak at m/z 136.1247,
(labeled as 2 in Figure 5c), corresponds to the camphene
molecular ion (M). Peak at m/z 137.1280, (labeled as 3
in Figure 5d) is the 13C1 isotope of M
, whereas peak at
m/z 137.1325, (labeled as 4 in Figure 5d), corresponds to
the protonated camphene, [M  H]. The mass resolv-
ing powers (m/m50%) for all observed peaks in Figure
5 were in the range of 140,000 – 185,000 (Table 1). The
relative abundance of 13C1 peaks is in good agreement
with natural abundance of carbon isotopes. The method
detection limit (at S/N of 3) for high resolution GC/FT-
ICR of camphene at m/z 137 (S/N  150 for an on-
column injection of 4.0 nmol of camphene) is estimated
to be 
 2 pmol. A summary of the mass spectral data is
provided in Table 1. Columns 1–7 contain experimen-
tally measured masses, exact masses, mass measure-
ment accuracy, elemental compositions, relative ion
intensities, mass resolving power, and peak labels used
in Figure 5, respectively. The mean absolute mass
measurement error of 
 0.36  ppm for high resolution
GC/FT-ICR MS data (Figure 5) is given at the bottom of
the third column in Table 1.
For the isomer differentiation method presented
here, we have used the analyte molecules as the chem-
ical reagent gases for SCI. However, other reagents (not
investigated in the present study) can be used to
enhance the selectivity of this method and extend its
utility to other classes of chemicals. In addition to
protonation, hydride abstraction, fragmentation, dimer
formation, and other ion-molecule reactions may be
used for isomer differentiation. Although we only show
the mass spectral comparison between Points A and B
(presumably the high-pressure regions of the GC TIC)
[11], it should be noted that enhanced SCI is observed
for camphene across the GC TIC peak in Figure 4.
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The successful coupling of a PC to GC/FT-ICR MS was
described. Ion-molecule reactions such as SCI were
utilized to add an additional dimension to modern
GC/MS analysis protocols. The PC/GC/FT-ICR MS
requires minimal sample preparation and provides
remarkable analytical performance characteristics such
as high mass measurement accuracy and high mass
resolving power.
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